PURPOSE. Elevated cAMP in the trabecular meshwork (TM) cells increases the aqueous humor outflow facility. The authors investigated the mechanisms by which elevated cAMP opposes the RhoA-Rho kinase pathway, leading to the relaxation of the actomyosin system in bovine TM cells. METHODS. Forskolin (Fsk) and rolipram were used to elevate cAMP levels. Changes in the phosphorylation of RhoA at Ser188 (a putative inhibitory site), the regulatory light chain of myosin (pMLC), and the regulatory subunit of myosin phosphatase (MYPT1) were determined by Western blot analysis. The actomyosin contraction was measured by collagen gel contraction (CGC) assay. The impact of cAMP on cell-matrix adhesion was followed by immunostaining of focal adhesion proteins and by electric cell-substrate impedance sensing. RESULTS. Elevated cAMP led to an increase in the phosphorylation of RhoA at Ser188, to the inhibition of endothelin-1 (ET-1)-induced activation of RhoA, and to the formation of stress fibers. The loss of pMLC along the stress fibers was comparable to that induced by Y-27632 (Rho kinase inhibitor). A concomitant reduction in both MYPT1 phosphorylation and pMLC was observed. 1 When left untreated, this disease results in a progressive loss of vision through optic neuropathy.
exits the anterior chamber by the trabecular meshwork (TM) route. 4 Therefore, the outflow facility across the TM forms the primary determinant of IOP. Apart from the muscarinic agonist pilocarpine, there are no clinically viable drugs that elicit significant IOP reduction by enhancing outflow through the TM. Prostaglandin analogs, the most efficacious ocular hypotensive drugs to date, 5 lower IOP by increasing outflow largely through the uveoscleral pathway. 6, 7 Clearly, there is a need to find new and efficacious pharmacologic agents that would promote aqueous humor egress through the TM outflow pathway to achieve further reductions in IOP.
In the TM, the resistance to outflow resides at the level of the juxtacanalicular tissue. 8 As demonstrated in recent studies, actomyosin contraction of the resident TM cells dynamically regulates the outflow across the TM. Specifically, a decrease in actomyosin contraction of TM cells (i.e., TM relaxation) increases the outflow facility and vice versa. 9 -11 One potential mechanism is that the actomyosin contraction regulates the mechanical tension in the extracellular matrix (ECM) of the juxtacanalicular tissue, leading to its structural remodeling and to consequent changes in the facility for aqueous outflow. Overall, while exploring drugs that affect the aqueous outflow facility by opposing actomyosin contraction, it is imperative to assess the status of cell-matrix adhesion of the TM cells.
Among the drugs and agents that have been tested ex vivo and in vivo to oppose actomyosin contraction, inhibitors of the RhoA-Rho kinase-signaling axis have been the most common. [12] [13] [14] Recently, statins that reduce RhoA activation, as well as many Rho kinase inhibitors, have been demonstrated to reduce IOP by increasing outflow facility across the TM in nonhuman species. [13] [14] [15] [16] Exposure to forskolin (Fsk), which activates adenylate cyclase, is also known to be efficacious in reducing resistance to aqueous humor outflow. 9, [17] [18] [19] In a previous study, we demonstrated that Fsk reduces the phosphorylation of the regulatory light chain of myosin II (also called the myosin light chain or MLC). 20 However, we did not delineate the molecular mechanisms underlying the dephosphorylation of MLC and its impact downstream on cell-matrix adhesion. Thus, the main objectives of the present study were to delineate further the molecular mechanisms involved in MLC dephosphorylation in response to elevated intracellular cAMP in TM cells and to compare the effects with that of direct Rho kinase inhibition.
Given the pleiotropic influence of cAMP, we analyzed its impact on signaling molecules key to the regulation of actomyosin contraction and actin remodeling (i.e., actin polymerization and depolymerization). Our major findings show that elevated cAMP causes MLC dephosphorylation, and, hence, relaxation of actomyosin, mainly by phosphorylation of RhoA at the Ser188 residue, which antagonizes the activation of the small GTPase. There was an associated decrease in cell-ECM interactions. Elevated cAMP also decreased the phosphoryla-tion of cofilin, thus enhancing actin depolymerization and leading to a further loss of stress fibers.
MATERIALS AND METHODS

Drugs and Chemicals
Antibodies for MYPT1, phospho-MYPT1 (Thr853), phospho-MLC (Thr18 and Ser19), and phospho-cofilin were obtained from Cell Signaling Technology (Danvers, MA). Phospho-MYPT1 (Thr696) antibody was purchased from Millipore (Temecula, CA). Anti-vinculin antibody, endothelin-1, blebbistatin, and Y-27632 were from Sigma (St. Louis, MO). Ser188 antibody was purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Texas-Red conjugated phalloidin, Alexa 488-conjugated goat anti-mouse, and anti-rabbit antibodies were from Molecular Probes (Eugene, OR). Gold electrodes (8W10Eϩ) for measuring changes in cell impedance were from Applied Biophysics, Inc. (Troy, NY). The cDNA synthesis kit was from Invitrogen (SuperScript III CellsDirect; Invitrogen, Grand Island, NY). The cAMP assay kit was obtained from Assay Designs (Ann Arbor, MI), and the RhoA activation assay kit was from Cytoskeleton, Inc. (Denver, CO). Cyclo RGD peptide was obtained from AnaSpec (Fremont, CA).
Cell Culture
Bovine TM cells were cultured as previously described. 20 The explants of TM from the eyes were cultured at 37°C in 5% CO 2 in Dulbecco's minimum essential medium (DMEM; Invitrogen) supplemented with 10% fetal bovine serum, 5% calf serum, and gentamicin (10 g/mL). Second-or third-passage cells were used for all experiments.
cAMP Assay
Intracellular cAMP levels were measured using an enzyme immunoassay. TM cells grown to confluence and serum starved for 24 hours were treated with Fsk (10 M) alone for 10 minutes, treated with rolipram (50 M) alone for 30 minutes, or pretreated with rolipram for 30 minutes followed by Fsk for 10 minutes. The cells were lysed using 0.1 M HCl and were transferred to a 96-well plate coated with an antirabbit IgG antibody. The increase in cAMP levels was determined by measuring the optical density at 405 nm (measured in duplicate) and comparing the results to a calibration curve. cAMP levels were normalized to the protein concentration in each sample, and the data are presented as picomole of cAMP per milligram of protein. The results are expressed as mean Ϯ SEM of two independent experiments.
Western Blot Analysis
Serum-starved cells were treated with drugs for the desired time, and protein was extracted using 2ϫ Laemmli sample buffer. Protein estimation was performed using a protein assay kit (RC DC; Bio-Rad, Hercules, CA). An equal amount of protein (30 g) was loaded in a 15% or 8% SDS-PAGE gel. Proteins were then transferred overnight at 30 V to a nitrocellulose membrane. After the transfer, the blots were blocked with 5% milk for 1 hour and incubated with primary antibody overnight. After a few washes, the blots were incubated with the appropriate secondary antibody for 1 hour. They were then washed and developed using an enhanced chemiluminescence kit (Pierce, Rockford, IL).
Reverse Transcription-Polymerase Chain Reaction
Total RNA was isolated using reagent (Trizol; Gibco BRL, Grand Island, NY) and was quantified by measuring absorption at 260 nm. Genomic DNA contamination was removed by treating RNA with DNase I. First-strand cDNA synthesis and PCR amplification of cDNA were performed using a cell-direct cDNA synthesis kit (Superscript III; Invitrogen). RT-PCR products were run on a 2% agarose gel and visualized by ethidium bromide staining, along with 100-bp markers (Amersham Biosciences, Piscataway, NJ). The primer sequences and expected product sizes are given in Tables 1 and 2 . Product sequences were confirmed, and negative controls were performed for all the primer pairs used.
Collagen Gel Contraction Assay
Collagen gel contraction (CGC) assay was performed as previously described. 21, 22 Briefly, the 24-well culture clusters were coated with 1% BSA at 37°C for 1 hour. Cells were trypsinized and resuspended in culture medium at a density of 1 ϫ 10 7 cells/mL. Rat-tail collagen type I (BD Biosciences, San Jose, CA), 10ϫ DMEM (Sigma, St. Louis, MO), reconstitution buffer (pH 7.3), TM cell suspension, and water were mixed on ice to obtain a final collagen concentration of 1.9 mg/mL and a final cell density of 2 ϫ 10 5 cells/mL. The resultant mixture (0.5 mL) was added to each well of the culture clusters, and the gel was allowed to polymerize at 37°C for 90 minutes. Once released from the wells, serum-free DMEM (0.5 mL), without or with the drugs, was then added on top of the gels. The gels were imaged every 24 hours for 2 days. The area was calculated using ImageJ software (developed by Wayne Rasband, National Institutes of Health, Bethesda, MD; available at http:// rsb.info.nih.gov/ij/index.html). Results are from duplicates of at least 
RhoA Activation Assay
Confluent serum-starved cells were treated with drugs and lysed on ice using lysis buffer (50 mM Tris, pH 7.5, 10 mM MgCl 2 , 0.5 M NaCl, 0.1% Triton X-100, and 0.1% sodium dodecyl sulfate [SDS]) containing a protease inhibitor cocktail (Sigma). The lysate was centrifuged for 5 minutes at 12,000g at 4°C. The supernatant was incubated with protein-agarose beads (Rhotekin-RBD, 20 -30 g; Cytoskeleton, Inc.) for 1 hour at 4°C. Beads were washed with ice-cold Tris buffer containing 10 mM MgCl 2 and 150 mM NaCl and were spun at 5000 rpm. The immunoprecipitated complex was resuspended in 2ϫ SDS sample buffer, boiled at 95°C for 10 minutes, and then subjected to 15% SDS-PAGE, followed by Western blot analysis. The separated proteins were immunoblotted with antibody against RhoA.
Measurements of Electrical Cell-Substrate Resistance by Impedance Analysis
Cells were seeded on gold electrodes (8W10Eϩ) and placed in an incubator at 37°C with humidified air and 5% CO 2 . The attachment and spreading of the cells on the electrodes was monitored continuously at 4 kHz until the observed electrical resistance reached a plateau and stabilized. This usually occurred within 20 to 24 hours after inoculation. Impedance to current flow was measured at different frequencies (25-60 kHz) periodically before and after inoculation. After reaching the steady state of electrical-cell substrate resistance, cells were exposed to different agents, and the impedance was assessed at the different frequencies every 30 minutes. Change in the measured resistance normalized to that of the bare electrode was taken as a measure of cell-matrix adhesion, as discussed further below. Results from three independent experiments are expressed as mean Ϯ SEM.
Immunofluorescence
Serum-starved cells were treated with the desired drugs for the given time period. After a quick rinse with phosphate-buffered saline, cells were fixed with 4% paraformaldehyde for 10 minutes and then permeabilized with 0.1% Triton X-100 for 10 minutes. To stain for pMLC, the cells were blocked with 10% goat serum ϩ 3% BSA; for vinculin staining, the cells were blocked with 10% FBS for 1 hour. Cells were incubated in primary antibody overnight, followed by incubation in secondary antibody for 1 hour. Double staining for actin was performed by incubating cells in Texas-red conjugated phalloidin for 20 minutes. After extensive washing, the coverslips were mounted (ProLong AntiFade; Invitrogen). Images were acquired using a confocal microscope (SP5; Leica Microsystems, Bannockburn, IL). After similar treatment, DIC images of cells fixed on coverslips were ob- 
RESULTS
Expression Profile of Adenylate Cyclases and Phosphodiesterases
Before examining the cAMP effects, we characterized the gene expression profile of adenylate cyclases (ACs) and phosphodiesterases (PDEs) in bovine TM cells. To date, 10 subtypes of ACs (AC1-9 and sAC) and 11 PDE families (PDE1-11) with several isoforms have been identified in mammals; of these, expression of AC2 and AC4 and PDE4, PDE5, and PDE7 is reported in human TM cells. 23, 24 We examined the expression of AC1-9 and cAMP-specific PDE isoforms (4, 5, 7, and 8) in bovine TM cells. As shown in Figure 1A , AC isoforms 3, 4, 6, and 7 are expressed in these cells. Regarding PDEs, PDE4 and its splice variants-PDE4A, PDE4B, and PDE4D-in addition to PDE5 and PDE8, are expressed (Fig. 1B) . We consistently noticed a band for PDE4C that was smaller than the expected gene product size (Fig. 1B) and turned out to be a nonspecific interaction. The primer sequences and expected product sizes are given in Tables 1 and 2 for ACs and PDEs, respectively. PDE4 isoforms are specific cAMP phosphodiesterases, and rolipram is a prototype among its inhibitors. 25 
Influence of Forskolin and Rolipram on cAMP Levels
In our previous study, we showed that forskolin (10 M), a direct activator of ACs, alone increased intracellular cAMP levels fourfold in bovine TM cells compared with untreated cells. 20 As shown in 
Influence of Elevated Intracellular cAMP on Agonist-Induced Actomyosin Contraction
To understand the effects of cAMP on actomyosin contraction, we examined its influence on the extent of relaxation of collagen matrices containing bovine TM cells. Such gels, in the absence of cells, formed uniform thickness matrices of approximately 140 mm 2 on polymerization. When cells were included during the preparation, there was a notable contraction of the gels to approximately 80 mm 2 in 48 hours (Fig. 3A) . The addition of ET-1 (100 nM) further contracted the gels by 20% compared with control (Fig. 3B ). This effect of ET-1 was opposed by selective Rho kinase inhibitor Y-27632 (5 M) by 25% and Fsk (10 M) by 70%. This relaxation is more than that produced by Y-27632 (Fig. 3B) . Treatment with blebbistatin (10 M), a specific myosin II ATPase inhibitor, opposed (ET-1)-induced gel contraction to the same extent as Fsk (75%; Fig. 3B ). Treatment with Y-27632, Fsk, and blebbistatin also prevented the basal level of contraction compared with control (12%, 60%, and 65%, respectively). These results confirm that the observed contraction and relaxation of the gels are mediated by actomyosin contraction of the embedded TM cells and that actomyosin contraction is opposed by elevated cAMP.
Effect of Elevated Intracellular cAMP on RhoA Activation
The RhoA-Rho kinase signaling pathway is the principal upstream mechanism for inducing actomyosin contraction and remodeling actin cytoskeleton in both smooth muscle cells (SMCs) and non-SMCs. 26, 27 This signaling pathway is impacted by a variety of kinases and phosphatases. 26 To identify the mechanisms involved in the observed relaxation of the collagen gels in response to elevated cAMP, we first examined the putative crosstalk of the RhoA-Rho kinase axis with protein kinase A (PKA), an effector of cAMP. In several cell types, RhoA has been shown to be antagonized on phosphorylation of its Ser188 by PKA. 28 -30 Phosphorylation at this site is shown to increase the affinity of RhoA for its guanine dissociation inhibitor (GDI) so that RhoA activation is inhibited. 28, 29 As shown in Figure 4A , treatment with Fsk resulted in a time-dependent increase in the phosphorylation of RhoA at Ser188, with a maximum increase occurring at approximately 10 minutes and remaining stable for at least 20 minutes. Consistent with the phosphorylation of Ser188, we show that pretreatment of cells with forskolin led to a reduction in (ET-1)-induced RhoA activation (Fig. 5) . However, phosphorylation at Ser188 in response to Fsk was unaffected by subsequent treatment with ET-1 (Figs. 4B, 4C ). These results indicate that cAMP is an effective antagonist of RhoA because it not only inactivates RhoA but also prevents its further activation by an agonist.
Effect of Elevated Intracellular cAMP on MYPT1 and MLC Phosphorylation
To further dissect these findings on RhoA and actomyosin contraction, we investigated the effect of elevated cAMP on (RhoA-Rho kinase)-mediated MLC phosphorylation. The focus on Rho kinase stems from the fact that it can phosphorylate MYPT1, the regulatory subunit of MLCP, at Thr696 and Thr853 and thereby inhibit the activity of its catalytic subunit PP1C␦. 31 This, in turn, prevents the phosphatase activity on MLC, thus leading to sustained actomyosin contraction. 31 In Figure 6 , we show that exposure to ET-1 increased the phosphorylation of MYPT1 at Thr853 by 63% compared with control (Figs. 6A,  6B ). This was reduced by 150% and 120% on pretreatment with Y-27632 (5 M) and Fsk (10 M), respectively. As shown in Figure 6C , ET-1 did not influence phosphorylation at Thr696,
Activated RhoA
Total RhoA β-actin and the phosphorylation levels were close to those of control, even in the presence of Y-27632 and Fsk. However, the changes in pMLC correlated with the changes in the phosphorylation at Thr853 (Fig. 6D) . Treatment with Y-27632 and Fsk alone also led to a substantial decrease in the basal levels of MLC and MYPT1 phosphorylation at Thr853 with no apparent influence at Thr696. Taken together, these results (Figs. 3-6 ) clearly suggest that cAMP opposes actomyosin contraction partly by downregulating the RhoA-Rho kinase axis, culminating in the reduced phosphorylation of MYPT1 at Thr853 and of MLC.
Effect of Elevated Intracellular cAMP on the Remodeling of Actin Cytoskeleton
Apart from MYPT1, another downstream target of Rho kinase is a serine kinase, Lim kinase (LIMK-1 and LIMK-2). A wellknown substrate for LIMK is cofilin, which is an actin-depolymerizing factor. 32 Specifically, phosphorylation of LIMK-1 by Rho kinase has, in turn, been shown to phosphorylate cofilin at Ser3. 32, 33 This phosphorylation inhibits the activity of cofilin and contributes to the stabilization of F-actin. In our experiments, treatment with Fsk and Y-27632 led to a significant decrease in the phosphorylation of cofilin at Ser3 (Fig. 7) . This finding is consistent with the decrease in Rho kinase activity in response to Fsk and Y-27632 that we noticed in the earlier experiments (Figs. 3, 6 ). Although significant (P Ͻ 0.05), as shown in Figure 7B , the extent of the reduction in Ser3 phosphorylation induced by Fsk (55%) was much greater than that induced by Y-27632 (15%), indicating the possibility that RhoA inhibition might not be the only pathway by which cAMP opposes actin polymerization.
Effect of Elevated Intracellular cAMP on Cell Shape and Focal Adhesion
Consistent with the effect of Y-27632 on cofilin activity (Fig.  7) , Rho kinase inhibitors are well known for inducing the dissolution of stress fibers, thus leading to relaxation. 34 Loss of stress fibers, in turn, alters cellular morphology and the interaction of integrins with ECM ligands. In accordance with these reports, compared with untreated cells, treatment with ET-1 increased the intensity of staining for diphosphorylated MLC (pMLC), which colocalized with stress fibers (Figs. 8B, 8F vs. Figs. 8A, 8E ). The intensity of immunostaining for vinculin, which is associated with the focal adhesion complex, was also increased by ET-1 compared to control (indicated by arrows in Fig. 8J vs. Fig. 8I ). As shown in Figures 8C, 8G , and 8K, pretreatment with Y-27632 (5 M, 1 hour) opposed the (ET-1)-induced increase in stress fibers, ppMLC, and focal adhesions. The effect of elevated cAMP was remarkably similar to that of Y-27632 (Fig. 9) . Treatment with Fsk alone also resulted in a loss of stress fibers and reduced vinculin staining (Figs. 9D,  9L ). Staining for ppMLC was diffuse (Fig. 9H) . Pretreatment with Fsk (10 M) completely reversed the (ET-1)-induced increase in stress fibers, pMLC, and focal adhesions (Figs. 9C,  9G, 9K vs. Figs. 9B, 9F, 9J) . Again, consistent with the loss of stress fibers and focal adhesions in response to these inhibitors, treatment with Fsk produced apparent cell shrinkage (because of cell retraction and rounding) similar to that produced by Y-27632 when compared with untreated cells (Figs. 10B, 10C vs. Fig. 10A ).
Effect of Elevated Intracellular cAMP on Cell-Matrix Adhesion
To observe these dynamics of the loss of cell-matrix adhesion, we used electric cell-substrate impedance sensing. This approach has been previously used to assess electrical cell-substrate resistance (ECSR) in fibroblasts. 35, 36 Figure 11A shows the evolution of ECSR after the bovine TM cells were seeded on gold electrodes. After an initial rapid phase of increase for 2 hours, the ECSR stabilized at a slightly higher value of approximately 1800 ⍀ (Fig. 11A) . In the absence of cell-cell junctions involving the typical tight and adherens junctions in the TM, 37 the measured resistance at Ͼ20 hours can be taken to represent resistance offered by cell-substrate interaction.
In subsequent experiments, we tested for changes in ECSR as a marker of a dynamic response to changes in cell-matrix adhesion. Cells showing a steady ECSR were challenged with various agents; subsequently, resistance was measured at different frequencies to identify the sensitive frequency at which the change in impedance (and, hence, ECSR) would be the highest for bovine TM cells. Such profiles were normalized to bare electrode values and plotted to indicate the response to Fsk and Y-27632. As shown in Figure 11B , the addition of serum to serum-starved cells led to an increase in resistance. Serum is known to activate the RhoA signaling pathway (Ramachandran C, Srinivas SP, unpublished data, 2010) and was used as the control in subsequent experiments. It is evident from Figure  11C that Fsk induced a significant decrease in ECSR 1 hour after treatment (the decrease in ECSR starts at around 15 minutes). Y-27632 also led to a significant decrease, but one lower than that induced by Fsk (Fig. 11C) . Treatment with rolipram alone led to a small but measurable decrease in the TER, consistent with the increase in cAMP levels induced by rolipram (Fig. 2) . We also used a specific integrin-binding peptide (RGD peptide; 100 nM) to confirm that the measured changes in ECSR occurred as a result of a loss of cell-ECM adhesions. RGD-peptide led to a significant decrease in resistance within 1 hour of treatment (Fig. 11C) .
To ensure that the noted decrease in the resistance, especially with Fsk, was not caused by cytotoxicity, the cells were replaced with fresh medium after 1 hour of drug treatment. There was complete recovery in resistance within 24 hours (data not shown). Taken together, these experimental results not only confirm the immunofluorescence observations but also show clearly that the effects of cAMP mimic those of Y-27632.
DISCUSSION
A number of previous investigations have indicated that agents such as epinephrine and its derivative dipivefrin are associated with a reduction in IOP by increasing the outflow facility across the TM. 38, 39 These agents directly activate ␤ 2 -adrenergic receptors, which are known to be expressed in TM cells, and increase cAMP levels. 38 -41 In perfusion studies, Fsk has been noted to enhance outflow facility across the TM. 9 Since decreased actomyosin contractility of TM cells elicits an increase in outflow facility, we previously tested the effect of elevated cAMP on actomyosin contraction in bovine TM cells and found that this second messenger is able to oppose RhoA activation and reduce MLC phosphorylation. 20 In this study, we have further determined specific mechanisms by which cAMP opposes MLC phosphorylation and examined downstream effects of the consequential loss of actomyosin contraction. Our data demonstrate that elevated cAMP opposes actomyosin contraction largely by reducing the phosphorylation of MYPT1 at Thr853, similar to Rho kinase inhibitors. Furthermore, by relaxing actomyosin contractility, cAMP opposes cell-matrix adhesion, again, similar to Rho kinase inhibitors.
Influence of Elevated cAMP on Actomyosin Contraction
Based on our previous knowledge, we began testing the efficacy of elevated cAMP in reducing actomyosin contraction using a CGC assay and comparing the data with those for a commonly used Rho kinase inhibitor. The results show that elevated cAMP significantly opposed both basal and RhoA agonist-induced contraction. Forskolin and rolipram at 10 M and 50 M produced relaxation, which was more than that induced by Y-27632 (5 M) and comparable to that induced by blebbistatin (10 M). As a selective inhibitor of myosin II ATPase, blebbistatin has an IC 50 of 5 M and 2 M for nonmuscle myosin IIA and IIB in cell-free tests, 42 respectively, but we used the inhibitor previously at a concentration of 10 M in endothelial cells to induce maximum inhibition. 43 In the present study, 10 M blebbistatin produced 100% relaxation of the (ET-1)-induced contraction of the collagen matrix. In addition to confirming that CGC assay is sensitive to changes in the actomyosin contraction of the embedded TM cells, our data show that elevated cAMP produces maximum relaxation that can be expected through the inhibition of actomyosin contraction.
To explore the mechanism of action of this cAMP effect, we analyzed its influence on the biochemical mechanisms that orchestrate actomyosin contraction. As in SMCs, pMLC brings about actomyosin contraction in non-SMCs. MLCK phosphorylates MLC at Ser19 and Thr18 in a Ca 2ϩ -dependent manner. 26, 44 In this study, we did not consider the possible direct effect of cAMP on MLCK because it has not been reported in cellular systems. The other alternative is the Ca 2ϩ -sensitization pathway involving MLCP, which on activation leads to MLC dephosphorylation. As shown in a variety of endothelial cells and SMCs, various kinases (PKC, PKA, ILK, ZIP kinase) and RhoA-Rho kinase signaling pathways are implicated in the regulation of the phosphatase subunit of MLCP, namely PP1C␦. 45 There are no known crosstalk mechanisms between PKA and PKC, ILK, and ZIP kinase in the context of actomyosin contraction. Given that the RhoA-Rho kinase-signaling pathway has emerged as an important regulator of MLCP activity, the present study is focused on understanding the crosstalk of MLCP with the cAMP-PKA axis.
As noted earlier, Rho kinase modulates MLCP through its myosin-binding subunit, MYPT1. 46 Specifically, a number of studies have shown that Rho kinase can phosphorylate MYPT1 at Ser854, Thr853, and Thr696 with an associated increase in actomyosin contraction. 47, 48 On phosphorylation, these sites can bind to the substrate site on PP1C␦ and thereby block access to MLC for its dephosphorylation. 49 This results in Ca 2ϩ -sensitization-induced sustained MLC phosphorylation and actomyosin contraction. We examined these mechanisms in bovine TM cells using ET-1 to mobilize the RhoA-Rho kinase axis. In accordance with previous reports, treatment with ET-1 led to RhoA activation and increased the phosphorylation of MYPT1 at Thr853 with a concomitant increase in pMLC. 47 However, in our study, ET-1 had no effect on Thr696 phosphorylation, which could have been attributed to the high levels of Thr696 phosphorylation under resting conditions because of the spontaneous phosphorylation occurring at this site. 50 Other studies have reported a further increase in Thr696 phosphorylation by agonists in hypercontractile tissues 51 and under disease conditions (e.g., diabetes, hypertension). 52, 53 As discussed, we noticed that elevated cAMP completely blocks the (ET-1)-induced RhoA activation. This finding is consistent with our previous report. 20 The inhibition could be attributed to the phosphorylation of RhoA at Ser188. This PKA-dependent phosphorylation has been shown to increase the binding of RhoA-GTP to its GDI and its subsequent extraction from the plasma membrane, thus halting the downstream activity of RhoA. 28, 29 Another potential mechanism involves direct phosphorylation of the Rho GDI by PKA, thereby increasing its affinity for RhoA 54 and limiting RhoA activation. Even though RhoA inactivation in response to increased intracellular cAMP is certain, whether the aforementioned second mechanism is also operative in bovine TM cells must be examined further. However, there is some evidence that this mechanism might be in effect based on our data that the addition of ET-1 after treatment with Fsk did not significantly alter the phosphorylation levels of Ser188 (Fig. 4) . This suggests that cAMP not only inactivates GTP-bound RhoA but might also sequester RhoA through the direct phosphorylation of Rho-GDI, thereby preventing its activation.
Since the major focus of the present study is on actomyosin contraction, we investigated the effects of elevated intracellular cAMP on signaling downstream of Rho kinase (summarized in Fig. 12 ). We observed that the inhibition of RhoA activation by elevated intracellular cAMP translates to reduced MYPT1 phosphorylation at Thr853, without any measurable effect on phosphorylation at Thr696. This is surprising because studies have demonstrated that elevated levels of intracellular cyclic nucleotides can phosphorylate MYPT1 at Ser695, which blocks the phosphorylation at Thr696 by Rho kinase, resulting in the activation of MLCP and consequential relaxation. 55, 56 However, treatment with Fsk did not decrease (ET-1)-induced, or the basal level of, Thr696 phosphorylation. Consistent with our finding, a previous study showed that, in intact cerebral artery, the phosphorylation of Ser695 did not influence Rho kinaseinduced phosphorylation at Thr696. 
Influence of Elevated intracellular cAMP on Cell-Matrix Adhesion
It is well known that altered ECM plays a major role in the modulation of resistance to aqueous humor outflow across the TM. 58 In fact, an increase in ECM deposition and changes in its composition are reported in glaucomatous TM. 59, 60 In addition to the direct effect of reducing the porosity of the TM, increased ECM and its altered composition can impact actomyosin contraction through integrins. The latter are membrane receptors linking the stress fibers with the ECM. Since integrin signaling is bidirectional (i.e., inside-out and outside-in), 61 altered actomyosin contraction can be expected to elicit remodeling of the ECM. Accordingly, a recent study on TM has shown that sustained actomyosin contraction, associated with increased pMLC and stress fibers, increases focal adhesions and the accumulation of ECM proteins. 62 Similarly, a number of studies have demonstrated a reduction in focal adhesion complexes, which interact with the cytoplasmic domain of integrins, in response to a decrease in actomyosin contraction. 34, 63 In the present study, we found that elevated intracellular cAMP reduced the staining for vinculin, indicating the loss of cellmatrix adhesion concomitant with the loss of stress fibers and ppMLC. This finding was further confirmed by measurements of impedance to current flow across the cell-substrate complex. Exposure of cells to Fsk led to a reversible decrease in ECSR at 7 kHz. This result is in accordance with a report that showed that an increase in paracellular space between TM cells led to an increase in the hydraulic conductivity of the cellular layer. 64 The apparent shrinkage of cells, as noted in our experiments, would lead to an increase in the intercellular space resulting in a decrease in resistance. The reciprocal relation between actin cytoskeleton and the ECM is evident in our experiments with RGD-peptide. When RGD peptide was used to disengage the integrin-ECM interactions to reduce the cell-matrix adhesion, it led to a decrease in ECSR and a loss of stress fibers (data not shown). Consistent with our findings, Shen et al. 65 provided evidence for the importance of cAMP in the regulation of actomyosin contraction and, therefore, cell-ECM interaction. In their study, overexpression of myocilin, an ECM protein thought to be involved in the pathogenesis of glaucoma, 66 was shown to lead to a loss of cell-ECM adhesions and a decrease in the production of ECM proteins concomitant with a loss of stress fibers. These effects of myocilin were shown to be associated with an increase in cAMP-PKA activity and a decrease in RhoA activity.
Finally, we noted in all our data, with or without ET-1, that the effects of cAMP were similar to those induced by Y-27632. This finding was true for the specific dephosphorylation of MYPT1 at Thr853, loss of stress fibers, reduced staining for focal adhesions, and reduction in ECSR. In conclusion, this study shows that the major effect of elevated intracellular cAMP on MLCP activity and actomyosin contraction is mediated through the inhibition of RhoA.
